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Abstract 

Estimating the most likely impacts of climate change on the hydrological conditions of 

catchments is essential for efficient future water management. This is particularly important in 

Southeast Queensland, Australia, which is projected to be significantly impacted by climate 

change. We have developed an integrated catchment modelling framework for the Nerang River 

catchment that combines a hydrologic model, a reservoir operation model, and a hydrodynamic 

river model. The multi-model ensemble is used to investigate eight General Circulation Models 

(GCMs) of the Coupled Model Intercomparison Project Phase 5 (CMIP5) under two 

representative concentration pathway scenarios (RCP 4.5 and RCP 8.5) over the baseline period 

(2000-2009) and one future period (2075-2084). Additionally, the tidal section of the Lower 

Nerang River was studied under coupled impacts of the RCP scenarios and sea level rise by 0.80 

m. The ensemble projections over the future period present slight decreasing tendencies in the

median of monthly long-term daily inflow to Hinze Dam in the upper Nerang River. 

Additionally, the average environmental releases of 7.25 ML/day are expected to reduce over the 

future period by 6.02% and 5.37% under RCP 4.5 and RCP 8.5, respectively compared to the 
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baseline period. The hydrodynamic model results revealed that sea level rise is projected to have 

significant impact on water level variations at two river flooding alert sites, Carrara Alert and 

Evandale Alert. As a result, a 0.80 m sea level rise can increase ensemble water level projections 

by almost 0.75 m and 0.80 m at Carrara Alert and Evandale Alert sites, respectively, which will 

cause minor to major flooding events at Evandale Alert site. The outcomes of the present paper 

can assist the decision-makers and the community of the Nerang River catchment with a robust 

tool to evaluate climate change scenarios for sustainable future water resources management and 

allocation. 

Keyword: Ensemble projections; Integrated catchment model; Hydrodynamic model; 

Hydrologic model; Reservoir operation model.   

1. Introduction

Decision-makers and water resources planners are struggling with multiple challenges to ensure 

efficient water allocation and water systems operation that are affected by climate variability and 

changes (Jung et al. 2013; Jahandideh Tehrani et al. 2014). With continued greenhouse gas 

emissions and climate change, this is very likely to intensify hydrological cycles with 

considerable changes in precipitation, temperature and evaporation (Middelkoop et al. 2001; 

Jahandideh Tehrani et al. 2019). The variable impacts on hydrological regimes, water 

availability, floods, droughts, rainfall intensity and frequency, will require adaptation of current 

water resource planning and management to produce effective and sustainable outcomes (Milly 

et al. 2008; Jahandideh Tehrani et al. 2019).  

Concerning that changes in frequency and intensity of precipitation and temperature can impact 

river flow regimes, considerable efforts have been made to evaluate hydrological changes and 
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reservoir operation to ensure efficient water resources management under climate change (Li et 

al. 2010; Seiller et al. 2017; Alimohammadi1 et al. 2020). The hydrological regime changes 

under climate change is significantly variable in different regions depending on climatic patterns 

(e.g., rainfall pattern, cyclones), human activities (e.g., land use, land cover), and implemented 

climate models (Dore, 2005; Lamichhane and Shakya, 2019). For instance, some basins in China 

(Yangtze River Basin), Sweden (Lule River basin), Denmark (Gjern river basin) and Malaysia 

(Muda and Dungun watersheds) are expected to experience increase in streamflow under climate 

change whereas some basins in Vietnam (Be River Catchment), Iran (Karoon River Basin), and 

Germany (Mulde catchment) will experience decreased streamflow (Yu et al. 2017; Khoi and 

Suetsugi, 2012; Jahandideh Tehrani et al. 2019). Such hydrological projections play an important 

role in efficient planning and management of future water challenges.  

Evaluating climate change impacts has been an important issue in Australia. Mpelasoka et al. 

(2008) studied probable future drought events in Australia, which indicated that projected 

changes in rainfall and potential evaporation will cause a general increase in drought frequency 

under Special Report on Emissions Scenarios (SRES) B1 and A1F1 over the entire area of 

Australia, except for the western parts. They also predicted that soil-moisture-based drought 

frequency will increase by 80% in southeast coast catchments by 2070. Water supply security 

and water demand management will face challenges as a result of such drought frequency 

increases. Similarly, Chiew et al. (2009) studied the projections of streamflow changes using 15 

General Circulation Models (GCMs) under A1B emission scenario in Southeast Australia over 

2046-2065. Many of the models that were presented indicated that the mean annual streamflow 

will reduce in Southeast Australia. Mcfarlane et al. (2012) investigated the impacts of climate 

change on water demand and yields in South Western Australia. According to their results, 



4 

surface water yields, and groundwater yields are estimated to decrease by about 24% and 2%, 

respectively by 2030. They also predicted that rapid population and economic growth under 

current water consumption will cause significant water deficits in Perth and some regional cities 

in South Western Australia. In another climate change study by Al-Safi and Sarukkalige (2017), 

hydrologic conditions of the Richmond River Catchment in New South Wales (NSW), Australia 

were projected under seven GCMs of the Coupled Model Intercomparison Project Phase 3 

(CMIP3) with three regional greenhouse gas emission scenarios, A2, A1B, and B1 considering 

three future periods (2016–2043, 2044–2071, and 2072–2099). They revealed that the mean 

annual streamflow is projected to decrease between 1-24%. According to climate projections, a 

rainfall decreasing trend is expected to continue in most regions of South-eastern Australia due 

to global warming (Al-Safi and Sarukkalige, 2017). On the other hand, it has been estimated that 

in Australia, a 1% change in the mean annual rainfall leads to 2-3% change in the mean annual 

streamflow (Teng et al. 2012). Therefore, understanding and analysing the potential changes in 

rainfall under climate change is essential as small rainfall changes will considerably alter the 

resulting streamflow conditions. This is especially important in Southeast Queensland (SEQ), 

which is regarded as a “hot spot”, with expectations of significant impacts from climate change 

(IPCC, 2007). 

Ensemble climate models should be employed in order to properly consider uncertainty in the 

projections and to improve hydrological forecasts accuracy under climate change scenarios (New 

et al. 2007). Such an ensemble multi-model approach can potentially provide the most likely 

estimation of future hydrological conditions through generating a possible range of outcomes 

that allows water managers to consider integrated uncertainty and adaptation strategies (Roberts 

and Snelgrove 2015; Gelfan et al. 2015). In the field of catchment and hydrological modelling, 
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multiple climate change scenarios using GCMs provide inputs for hydrologic models to identify 

a range of possible flow changes in a catchment (Manning et al. 2009; Gelfan et al. 2015). 

Manning et al. (2009) applied 14 Regional Climate Models (RCMs) to investigate potential 

water availability reduction in the Thames catchment in the United Kingdom. Kling et al. (2012) 

applied an ensemble modelling approach (21 RCMs of the ENSEMBLES project under the A1B 

emission scenario) to generate a range of future runoff conditions instead of a deterministic 

projection in the upper Danube basin. Jung et al. (2013) applied 13 GCMs and three hydrologic 

models to assess potential seasonal streamflow changes under climate change and associated 

uncertainties.  

Hydrological models simulate the hydrological processes in real-word water systems and can be 

applied for assessing the impacts of climate change on flow conditions (Devi et al. 2015). In the 

area of climate change impacts evaluations, rainfall and other climatic data, obtained from 

GCMs, are used as a hydrologic model inputs to simulate the hydrologic processes in 

catchments, where results are analysed to identify climate change impacts on river hydrology and 

basins (Jahandideh Tehrani et al. 2019). In addition to the catchment hydrology, changing 

climatic conditions cause challenges in efficient planning and management of water system 

operations, particularly reservoir systems (Ashofteh et al. 2015). Therefore, analysing the 

performance of a reservoir operation in response to future hydrological alterations is important 

for efficient integrated water management.  

Rainfall, temperature, and evaporation can be impacted by climate change. In addition to the 

state meteorological variables, sea level is another variable that is also impacted by climate 

change conditions. A rise in the sea level is more likely to take place in Australian coastlines as a 

result of ice melting in glaciers and polar regions (CSIRO and BOM, 2015). Furthermore, there 
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will likely be more thermal expansion of the oceans such as temperature rise, and changes in the 

accumulation of snow and ice in Antarctica (McInnes et al., 2000). As a result of rising sea 

levels, the intensity and frequency of floods are increasing, which necessitates in-depth 

evaluation of hydrodynamics conditions in rivers (Majedul Isalm et al. 2018). In this regard, 

hydrodynamic modelling is an essential tool to simulate river flow conditions for the purpose of 

minimizing the probable damages of flooding events and water level variations (Jahandideh 

Tehrani et al. 2020). The Hydrodynamic modelling approach has been widely used in literature 

for different purposes such as floodplain mapping, river cross section refinement and water level 

prediction in ungauged rivers (Pramanik et al. 2009; Paz et al. 2010; Paiva et al. 2013). No other 

study has developed an integrated catchment modelling framework that coupled a hydrologic 

model, a reservoir operation model, and a hydrodynamic model to investigate the hydrologic 

behaviour, reservoir water allocation (drinking water supply and environmental demands), and 

hydrodynamic conditions (water level variations) of tidal and non-tidal rivers, under an ensemble 

multi-climate model approach. The development of the stated integrated catchment modeling 

framework is the main novelty aspect of our research. 

Within the above framework, the overarching aim of this study is to develop a better 

understanding of the interactions between climate change and hydrological and hydraulic 

responses of the catchment. To obtain this aim, an integrated catchment modelling approach has 

been developed by combining a hydrologic model, a reservoir operation model, and a 

hydrodynamic river model for the Nerang River catchment, SEQ, Australia (Figure 1(a)). This 

integrated model will be used to evaluate the impacts of climate change and sea level rise on 

hydrologic and hydraulic parameters in this catchment, as described below. 

The specific steps to obtain the objective of this study are: 



7 

1) To calibrate and validate a hydrologic model to analyse the changes in monthly reservoir

inflows of the Hinze Dam (Figure 1(a)) under climate change conditions;

2) To develop a reservoir operation model to assess the operation performance of the Hinze

Dam in supplying drinking water and environmental flow demands under climate change

conditions;

3) To build a hydrodynamic river model for the tidal limit of the Nerang River (Figure 1(a))

to analyse monthly water level changes as a result of both climate change and sea level

rise.

The results of this comprehensive study will assist policy makers and water authorities to better 

understand the response of the Nerang River catchment to climate change, and help them 

develop future mitigation and adaptation strategies and measures. By indicating likely changes in 

river water levels and Hinze Dam inflow and outflow, the findings of this research will 

contribute to water security and flood management in this important region of South-East 

Queensland. Also, the methodology herein proposed can be transferred to other complex river 

systems across the world, to determine the impacts of climate change on hydrologic and 

hydrodynamic processes. Although we acknowledge that the outcomes of the developed 

integrated catchment model are variable at different regions, the introduced framework to reach 

results is general and applicable worldwide. It is worth stating that the developed integrated 

approach and outcomes of the current study may serve as a practical reference for integrated 

catchment modeling that investigates hydrologic, hydrodynamic, and water allocation of a 

catchment under the ensemble climate projections. 

2. Materials and Methods

2.1. Study area 
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The Nerang River catchment (Figure 1(a)) is the largest catchment on the Gold Coast, Southeast 

Queensland, Australia, which lies between latitude 27° 58ʹ 30ʺ S to 28° 16ʹ 30ʺ S and longitude 

153° 9ʹ 0ʺ E to 153° 30ʹ 0ʺ. This catchment covers an area of approximately 493 km
2
, where the

Nerang River begins from the McPherson Range and Springbrook Plateau, and feeds into the 

Hinze Dam. After feeding the Hinze Dam, the river reaches its tidal limit where it reaches its 

mouth through joining the Gold Coast Broadwater, finally flowing into the Pacific Ocean 

(GCCC 2002; 2011). Nerang River catchment topography is variable as upper catchment covers 

steep hills and mountainous terrain and the river mouth and lower reaches cover wide and flat 

floodplains (GCCC 2015). Catchment elevation varies from 1150 m in McPherson Ranges to less 

than 2 m at the lower river reaches. The upper catchment mainly consists of forest, pasture and 

rural residential, while the lower catchment is a major urban area with medium to high density 

residential (GCCC 2015). Briefly, two thirds of the Nerang River catchment compromises 

national parks, rural land areas, and conservation areas, while the remainder of the catchment is 

the urban area consisting of industrial, commercial, and residential areas (GCCC 2015).  

The Hinze Dam is the significant storage in the upper catchment and the primary and main 

source of drinking water supply for the Gold Coast region, located 15 km southwest from Nerang 

(28° 03ʹ 00ʺ S - 153° 17ʹ 05ʺ E). It is an ungated dam with the storage capacity of 309700 ML 

and surrounding catchment area of almost 207 km
2
 built mainly for flood mitigation and drinking

water supply purposes (GCCC, 2011; 2015). This dam significantly affected the flow regime, 

specifically downstream (urban areas) flood flows of the Nerang River (GCCC 2015). The 

current operation of the Hinze Dam is based on capturing the low flows and the majority of the 

medium to high flows feeding into the dam, whereas a relatively low constant flow is released to 

meet the environmental demand of the downstream. The Hinze Dam has decreased the natural 
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river flow downstream, with the lower reaches of the Nerang River being highly disturbed, 

which threatens the native flora and fauna (GCCC 2007).  

Hinze Dam is almost always very close to full capacity, often reaching 96% full even during dry 

periods. A significant focus of this research is to investigate environmental releases from the 

dam, due to climate change relate variations in the catchment inflow rate (SEQWater, 2020). 

According to the environmental release policy, 12 ML/day must be released from the Hinze Dam 

to meet ecological demand when the flow rate at Numinbah gauging site is greater than 100 

ML/day; otherwise, 7.25 ML/day will be released from the Hinze Dam (The State of Queensland, 

Department of Natural Resources and Mines, Resource Operation License, 2016).  Therefore, 

evaluating the impacts of climate change on supplying environmental demand is essential as 

changing future dam operation policy can be considered as a flexible adaptation solution. 

2.2. Hydrologic model 

In order to establish a hydrologic model to estimate the Hinze Dam inflow, the contributing 

catchment was delineated from the larger Nerang River catchment using Hinze Dam as the outlet 

(Figure 1(b)). Based on the fact that there is no streamflow gauging station at the outlet of the 

delineated Hinze Dam catchment, the hydrologic model was calibrated and validated for the 

Numinbah Valley sub-catchment (purple catchment in Figure 1(b)). After calibrating and 

validating the hydrologic model for the Numinbah Valley sub-catchment, this model was applied 

to the rest of the delineated Hinze Dam catchment (yellow catchment in Figure 1(b)). As shown 

in Figure 1(b), nine rainfall gauging stations are located in the delineated Hinze Dam catchment 

and the weighted areal rainfall was estimated using Thiessen’s polygon method. The Numinbah 

Valley sub-catchment includes three rainfall gauging stations (Numinbah Alert, Binna Burra 
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Alert, and Numibah), and the rest of catchment encompasses six rainfall stations (Hinze Dam, 

Upper Mudgeeraba Water, Little Nerang Dam, Beechmont Alert, Wunburra, and Springbrook 

Road). The SPSS package was used to fill the missing rainfall data using the Mean Method. 

A simulation tool is needed for generating streamflow time series from rainfall and evaporation 

data. The selected rainfall-runoff model for the current study is the MIKE 11 NAM (Nedbor 

Affstromnings Model), which is a deterministic lumped conceptual model (Amir et al. 2013), 

which has been developed by the Danish Hydraulic Institute (DHI). This model has the ability to 

efficiently simulate the physical process of the catchment (Odiyo et al. 2012). Additionally, 

MIKE 11 NAM has a low input data requirement, is an easily setup process and is user friendly. 

(Odiyo et al. 2013). Therefore, it is a reliable hydrologic modelling tool, specifically for regions 

where limited recorded catchment data is available, and has been widely used in hydrologic 

modelling (Shamsudin and Hashim, 2002; Makungo et al. 2010; Hafezparast et al. 2013; Wang 

et al. 2016). MIKE 11 NAM is a deterministic model, which means that separate simulations 

with the same input conditions generate similar results. It is also a lumped model, where the 

catchment is assumed as a single unit and all variables are averaged for the entire catchment, and 

a conceptual NAM model is based on assuming catchments like reservoirs, which are filled 

through a hydrological process (e.g., rainfall, infiltration, runoff, evaporation, etc.) (Amir et al. 

2013; Agrawal and Desmukh, 2016). Hydrological data (e.g., discharge at the outlet of the 

catchment) and meteorological data (e.g., rainfall and evaporation), and catchment area are the 

key inputs of the MIKE 11 NAM model. Nine key parameters, which are shown in the 

Appendix, Table A-1, of MIKE11 NAM can be calibrated using an auto-calibration tool, 

embedded in the software. The Numinbah Valley sub-catchment with an area of 67.02 km
2
 was

employed for the MIKE 11 NAM calibration and validation. The model inputs were the area-
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average weighted daily rainfall of three gauging stations (Numinbah Alert, Binna Burra Alert 

and Numinbah), and daily evaporation and discharge records of the Numinbah gauging station. 

The hydrologic model was calibrated and validated for the period 2008-2013 and 2014-2015, 

respectively.  

In order to compare the observed and simulated time series over both hydrologic and 

hydrodynamic models calibration and validation processes, three commonly used statistical 

measurements were employed: i) correlation coefficient (R
2
); ii) Nash-Sutcliffe efficiency

coefficient (NSE); and iii) Root Mean Square Error (RMSE).  R
2
 is defined as follows:

𝑅2 =
∑ (𝑆𝑖 − 𝜇𝑠)(𝑂𝑖 − 𝜇𝑜)𝑛

𝑖=1

(𝑛 − 1)𝜎𝑠𝜎𝑜

(1) 

in which n = total number of observations; μs and μo = average of simulated and observed time 

series, respectively; Oi = observed time series at the i 
th

 time step; Si = simulated time series at the

i 
th

 time step; and σs and σo = standard deviation of the simulated and observed time series,

respectively. Time series refer to discharge and water level in hydrologic and hydrodynamic 

models, respectively. And NSE and RMSE are defined as below: 

𝑁𝑆𝐸 = 1 −
∑ (𝑂(𝑖) − 𝑆(𝑖))2𝑛

𝑖=1

∑ (𝑂(𝑖) − 𝜇𝑜)
2𝑁

𝑖=1

(2) 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑂(𝑖) − 𝑆(𝑖))2

𝑛

𝑖=1

(3) 

2.3. Reservoir Model 
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To evaluate the impacts of climate change on reservoir operation, a reservoir operation model 

was developed as a tool for simulating the reservoir performance under climate change scenarios. 

This reservoir operation model is based on the Standard Operating Policy (SOP) for Hinze Dam, 

where reservoir water storage is released to supply all the daily consumer demands (Jahandideh 

Tehrani et al. 2015). The system dynamics (SD) approach, which was first developed at the 

Massachusetts Institute of Technology (MIT) (Forrester, 1958), has been employed to build a 

simulation model for the reservoir operation in this research. SD is an object-oriented simulation 

approach, which can simulate the impacts of variables on one another through defining feedback 

loops in complex systems (Jahandideh Tehrani et al. 2014). Given the complex impacts of 

variables (e.g., evaporation, reservoir inflow, water supply, environmental release, spilling, etc.) 

in a reservoir system, the SD simulation approach is well-suited to efficiently simulate the 

reservoir operation in the current study. The governing equation and input data of a reservoir 

system have been defined in the Vensim software (https://vensim.com) that has been used to 

employ the SD approach. The fundamental equation governing water balance in a reservoir 

system is the continuity as follows: 

(4)      𝑆𝑡+1 = 𝑆𝑡 + 𝑄𝑡 − 𝑅𝐸𝑡 − 𝐿𝑜𝑠𝑠𝑡 − 𝑆𝑃𝑡 

in which St+1 = reservoir storage at the beginning of t+1 
th

 period (ML/day); St = reservoir storage

at the beginning of t 
th

 period (ML/day); Qt = inflow to reservoir during the t 
th

 period (ML/day);

REt = release from reservoir during the t 
th

 period (ML/day); Losst = loss from reservoir during

the t 
th

 period (ML/day); and SPt = spillage from reservoir during the t 
th

 period (ML/day).

2.4. Hydrodynamic River Model 
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Hydrodynamic models are mathematical tools that simulate a physical basis of a wide range of 

flow conditions (Teng et al. 2017). A Hydrodynamic module in 1D MIKE HYDRO model (a 

new proposed version of MIKE 11), which is able to compute an unsteady flow in shallow water 

types, what has been applied (DHI, 2016). Rahman et al. (2011) indicated that the stability of the 

stated model is less sensitive to initial conditions compared to other hydraulic models (e.g., 

HEC-RAS). Additionally, 1D MIKE HYDRO has lower computation time, and satisfactory 

performance in modelling non-complex tidal river systems, with a low input data requirement 

(Jahandideh Tehrani et al. 2020). The MIKE HYDRO uses a one-dimensional, implicit, finite 

difference scheme to solve the following St. Venant governing equations: 

𝜕𝑄

𝜕𝑥
+

𝜕𝐴

𝜕𝑡
= 𝑞 (5) 

𝜕𝑄

𝜕𝑡
+

𝜕

𝜕𝑥
(𝛼

𝑄2

𝐴
) + 𝑔𝐴

𝜕ℎ

𝜕𝑥
+

𝑛2𝑔|𝑄|

𝐴𝑅
4

3⁄
= 0 (6) 

in which Q = discharge (m
3
/s); x = downstream direction (m); A = cross section flow area (m

2
); q

= lateral inflow (m
2
/s); g = gravity acceleration (m

2
/s); h = water level above a reference datum

(m); t = time (s); n = Manning resistance coefficient (s/m
1/3

); R = hydraulic or resistance radius

(m); and α = momentum distribution coefficient (DHI 2016). 

Given the hydrodynamic model setup, cross sections were generated manually along the river. 

Subsequently, the initial conditions of the model were defined by specifying the simulation 

period (from 1/1/2012 14:00 to 31/12/2012 0:00), time step (1 minute), and initial water level at 

the start of simulation (0.53 m at Carrara site). The upstream and downstream boundary 

conditions were defined using hourly water level data at Glenhurst site and hourly observed Gold 
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Coast Seaway tides over the year 2012 respectively. The detailed description of the model setup 

are presented by Jahandideh Tehrani et al. (2020).  

As shown in Figure 2, in order to evaluate the lower Nerang River flow conditions over the tidal 

limit of this river (downstream), four available water level monitoring sites were selected: i) the 

Glenhurst site (22.7 km away from the river mouth), ii) Carrara Alert site (14.7 km away from 

mouth river), iii) Evandale Alert site (3.8 km away from mouth river), and iv) the Gold Coast 

Seaway (at the river mouth). Hourly recorded water level data from the Glenhurst monitoring 

site and Evandale Alert site, as well as hourly tide data from the Gold Coast Seaway were 

obtained. Additionally, unregulated records of water level of the Carrara Alert site were obtained 

for hydrodynamic model calibration. To define topographic elevations for the hydrodynamic 

river modelling and cross section generation, a digital elevation model (DEM) data with 5 m grid 

size was used as hydrodynamic model inputs. 

Given that the lower Nerang River is the tidal limit and is affected and dominated by tides, a sea 

level rise has been also considered for comprehensive climate change impact evaluation. 

According to the Department of Environment and Resource Management (2011), coupling the 

global sea level rise predictions of Intergovernmental Panel on Climate Change Fourth 

Assessment Report (IPCC, 2007) with regional variations from global averages (CSIRO 2010; 

Good 2011; Queensland Government 2019) indicates that a sea level rise in SEQ will be 0.80 m 

by 2080. 

2.5. Climate Models and Greenhouse Gas Emission Scenarios 

The international model intercomparison project (MIP) is a standard experimental framework for 

investigating the output of coupled atmosphere-ocean GCMs. The Coupled Model 
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Intercomparison Project Phase 5 (CMIP) is the most extensive intercomparison experiment, 

which provides a standard benchmark for evaluating GCMs ability in simulating observed 

climate conditions (Jahandideh Tehrani et al. 2019; CSIRO and BOM, 2015). In this study, eight 

GCMs obtained from CMIP5 were applied to evaluate ensemble climate change impacts on the 

studied catchment over 2075-2084 (Table 1). Concerning the predicted more severe climate 

change impacts on far future periods (Mpelasoka et al., 2008; Al-Safi and Sarukkalige, 2017), 

higher sea level rise projection, and data availability, the period 2075-2084 has been selected for 

the current study. Although there are currently 40 GCMs available from the CMIP5 multi model 

data set archive, only eight GCMs have been selected for investigating climate change impacts 

on SEQ (CSIRO and BOM, 2015). According to the climate change technical report in Australia 

(CSIRO and BOM, 2015), ACCESS-1.0, CanESM2, CESM1-CAM5, CNRM-CM5, GFDL-

ESM2M, HadGEM2-CC, MIROC5, and NorESM1-M were selected due to the following 

criteria: 

i) their higher performance ranking across a number metrics (discussed in chapter 5 of the

same report);

ii) availability of projection data for commonly used climate variables;

iii) being representative of the range of seasonal rainfall and temperature projections,

iv) separate assessment of wind projections from rainfall and temperature projections as

wind projections are not necessarily correlated with rainfall and temperature projections;

v) availability of downscaled data; and

vi) model independence considerations. Four new RCPs (RCP 8.5, RCP 6.0, RCP 4.5 and

RCP 2.6) were proposed to explore highly uncertain emissions over future periods (van

Vuuren et al. 2011).
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The applied climate change data has 5 km resolution, which has been generated using the 

Australian Water Availability Project (AWAP) observed temperature and rainfall data. Over 

this process, the model data (with resolution ranging between 100-310 km) were first 

interpolated to a 5 km grid then applied to the observed data (CSIRO and BOM, 2015). 

Compared to the emission scenarios published in the Special Report on Emissions Scenarios 

(SRES) (IPCC, 2000), the recently proposed RCPs indicate a wider set of potential futures 

through consideration of mitigation strategies, as well as land use changes (CSIRO and 

BOM, 2015). RCP 4.5 and RCP 8.5 have been selected for the current study. The reason for 

RCP 8.5 selection is to investigate the worst and intensive emission as this is a highly 

energy-intensive scenario, representing a CO2 concentration that will continued to rapidly 

rise by 2100. In contrast, RCP 4.5 has been selected to evaluate the lesser extreme conditions 

as it is a representation of a low emission scenario (doubling energy use compared to today 

by reaching 750 to 900 exajoule in 2100) (van Vuuren et al. 2011).  

3. Results and Discussions

The results of the integration of the hydrologic model and the hydrodynamic river model are 

presented in the following sections. 

3.1. Hydrologic Model Results 

The outcomes of calibration and validation steps are analyzed through comparing the observed 

and simulated discharge. The nine key calibrated parameters are shown in the Appendix, Table 

A-1. Daily observed and simulated discharge time series at the Numinbah gauging station (sub-

catchment outlet) over both calibration period (2008-2013) and validation period (2014-2015) 

are presented in Figure 3(a) and 3(b), respectively.  
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Additionally, the calculated R
2
, NSE, and RMSE statistical measurements were 92%, 85%, and

1.37 m
3
/s, respectively, over the calibration period (2008-2013). Moreover, 88%, 77%, and 2.82

m
3
/s were the calculated R

2
, NSE, and RMSE, respectively, over the validation period (2014-

2015). 

According to Figure 3, there is a good match between the simulated and observed daily discharge 

in the Numinbah Valley sub-catchment. Despite slight underestimation of a few peak flow 

conditions, the overall hydrographs of storm events are matched for simulation and observation 

records, and the overall trend has been properly captured. Additionally, the low flow conditions 

are also well simulated, which confirms the validity and ability of the MIKE 11 NAM model for 

discharge predictions. Makungo et al. (2010) noted that the complexity of hydrological 

phenomenon over extreme flow conditions generally results in MIKE 11 NAM to underestimate 

the peak flow conditions, as observed in this study. Similar relative extreme flow 

underestimation has also been confirmed in many MIKE 11 NAM applications (Odiyo et al. 

2012). Missing rainfall data over some periods may also be another cause of such a slight 

mismatch between observed and simulated daily discharge time series. Such gaps were filled 

using SPSS package, which led to rainfall estimation over a few periods. 

The calibrated hydrologic model was run under climate change conditions to project Hinze Dam 

inflows. Figure 4 indicates the estimated long-term monthly average daily inflows to Hinze Dam 

for future periods (under RCP 4.5 and RCP 8.5) and for the baseline period. This figure 

represents the average of the outcomes from the eight climate models under RCP 4.5 and RCP 

8.5. The uncertainty of ensemble projections is represented by the range between the 25th and 

the 75th percentile values as shown in Figure 4. As can be seen in Figure 4, ensemble projections 

for the eight climate models are consistent in almost all months as the range (between 25% and 
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75% percentiles) of monthly streamflow variations are quite low. However, the ranges of the 

Hinze Dam inflow changes are wider in February under both RCP 4.5 and RCP 8.5, indicating 

higher uncertainty in projections. The data presented in Figure 4 shows projections of an overall 

slight decrease in Hinze Dam inflow under climate change conditions (ensemble of eight climate 

models) over the future period as the median of the ensemble projections is slightly lower than 

the median for the baseline periods. According to Figure 4(a), streamflow reduction can be seen 

in all months except for January and February, when the median of projections is slightly higher 

than baseline data. Additionally, the most prominent decrease in streamflow occurs in March, 

when the median of the ensemble projections is likely to decrease by 124.42 ML/day under RCP 

4.5. For RCP 8.5, the same overall streamflow reduction trend can be seen in Figure 4(b) with 

the most median reduction in relation to the baseline periods occurring over March by 91.58 

ML/day, respectively.  

Such streamflow changes are the result of changes in rainfall as illustrated in the Appendix, in 

Figure A-1. This figure indicates the plausible ranges of ensemble rainfall projections under RCP 

4.5 (Figure 5(a)), and RCP 8.5 (Figure 5(b)). Similar to the Hinze Dam inflow changes, February 

illustrated the largest range of long-term monthly average daily rainfall under RCP 4.5 (between 

1.35-105 mm) and RCP 8.5 (between 1.76-120.53 mm), followed by December with the range 

1.43-52.43 mm and 1.16-47.67 mm under RCP 4.5 and RCP 8.5, respectively. It can be also seen 

that January, February, and December are predicted to receive quite large amounts of long-term 

average daily rainfall compared to the other months. Although there is considerable uncertainty 

in ensemble rainfall projections in February and December whereas most months, specifically, 

July, August and September indicate more certainty in long-term average daily projections.  

3.2. Reservoir Operation Model Results 
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Hinze Dam water storage is taken for supplying both drinking water demand and downstream 

environmental demand. According to the reservoir operation modelling results, the drinking 

water demand will be fully supplied under all climate change models. However, changes in 

Hinze Dam inflow will have impacts on future environmental releases downstream. According to 

The State of Queensland, Department of Natural Resources and Mines, Resource Operation 

License (2016), 12 ML/day should be released from the dam to meet environmental demand 

when the flow rate at Numinbah gauging site is greater than 100 ML/day; otherwise, 7.25 

ML/day will be released from the Hinze Dam. As shown in Table 2, the results indicate that the 

number of days with 7.25 ML/day environmental release will be increased under climate change 

scenarios over future periods. These results confirm that the flow rate at Numinbah gauging site 

will decrease as there will be fewer days of 12 ML/day environmental release in future periods. 

Table 2 represents the percentage of increase in the number of days with 7.25 ML/day 

environmental release relative to the baseline. 

Based on the results shown in Table 2, MIROC5 and NorESM1-M models will have less impact 

on Numinbah site flow rate as both RCP 4.5 and RCP 8.5 indicates small rate of changes in 

environmental release compared to the baseline period. By contrast, CNRM-CM5 and GFDL-

ESM2M indicate the highest increase in the number of days with 7.25 ML/day environmental 

release by 9.30% and 10.70% under RCP 4.5, respectively. A similar high rate of change can be 

observed under RCP 8.5 scenario as 9.71% and 9.00% increase in number of days with 7.25 

ML/day environmental release in relative to the baseline period is expected for CNRM-CM5 and 

GFDL-ESM2M, respectively. Additionally, the average percentage increase in the number of 

days with 7.25 ML/day for the ensemble model projections are 6.02% and 5.37% under RCP 4.5 

and RCP 8.5, respectively compared to the baseline period. Therefore, the higher level of 
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environmental release of 12 ML/day is projected to decline under climate change conditions in 

future periods, with an overall reduction in environmental flows released downstream of the dam 

wall. Furthermore, the percentage of reduction in the average volume of the environmental flow 

under RCP 4.5 and RCP 8.5 relative to the baseline period is shown in the Appendix, Table A-2. 

In summary, the overall reduction in environmental release is projected due to climate change 

impacts. Such reduction is expected to have an impact on aquatic habitats, as it will alter the 

amount of fresh water flowing into this lower part of the river system 

3.3. Hydrodynamic River Model results 

The hydrodynamic river model was calibrated using Manning’s roughness for the lower Nerang 

River (Nerang River estuary) through comparison between the observed and simulated hourly 

water levels at the Carrara Alert site over three periods: a) 2/1/2012–6/1/2012, b) 23/1/2012–

27/1/2012, and c) 24/2/2012–28/2/2012. Additionally, hourly water level records of the Evandale 

Alert site (over a 5-day period, 31/5/2012 1:00 AM-3/6/2012 6:00 AM) were used for 

hydrodynamic model validation. The comparison between simulated and observed hourly water 

levels over both calibration and validation periods are presented in the Appendix, Figure A-2. 

Furthermore, the observed tide levels of the Gold Coast Seaway over the stated three periods are 

shown in the Appendix, Figure A-3. The statistical measurements of the R
2
, NSE, and RMSE

over both the calibration and validation periods are shown in the Appendix, Table A-3.  

The Hydrodynamic river model for the lower Nerang River was then used to evaluate the water 

level variation under climate change scenarios. The climate change impacts have been studied 

using both the RCP scenarios and 0.80 m sea level rise at the downstream boundary of the 

Nerang River. Climate change impact was quantified based on the water level variation at both 
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the Carrara Alert and Evandale Alert sites. These were based on analysing results from the model 

using both i) RCP scenarios and existing sea level for upstream and downstream boundary 

conditions respectively, as well as ii) RCP scenarios and 0.80 m sea level rise for upstream and 

downstream boundary conditions respectively as shown in Figures 5 and 6. The ensemble 

projections of water level are presented by the box plots and baseline water level estimations are 

indicated by the shaded envelope (25% percentile-median-75% percentile values).  

The downstream sea level rise has considerably higher impact on water level variations at both 

Carrara and Evandale Alert sites compared to the condition when only RCP scenarios were 

considered. It is shown in Figures 5(a) and 5(b) that the minimum values of ensemble water level 

projections are almost equal or even higher than the baseline water level median in all months. 

Therefore, the Lower Nerang River is very sensitive to sea level variations, which is highly 

probable to increase due to glaciers melting as 0.80 m sea level rise over river downstream 

increases the median of the ensemble projections by almost 0.75 m over almost all months. 

According to Figure 5, the highest range of uncertainty in ensemble runoff projections observed 

in May, June, July, and August as for example, the difference between 25% and 75% percentiles 

are almost 0.80 m for the stated months in Figure 5(a) whereas the lowest uncertainty is observed 

in November, December, and January with approximately 0.57 m difference in 25%
 
and 75% 

percentile values for ensemble water level projections as shown in Figure 5(a).  

Similar to the Carrara Alert site, the minimum ensemble water level projections is almost the 

same or higher than the median of baseline water level over the entire year, which confirms the 

significant impact of sea level changes on Evandale Alert site (Figures 6(a) and 6(b)). It can be 

also seen that, 0.80 m sea level rise over the downstream boundary condition can increase the 
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median of ensemble water level projections by 0.80 m in almost all months, which indicates that 

this site is even more sensitive to sea level rise compared to the Carrara Alert site. This is 

because the Evandale Alert is 10.9 km closer to the mouth river (downstream) than the Carrara 

Alert site. According to BOM (2020), the water level of 1.8 m, 2.3 m, and 2.5 m leads to minor, 

moderate, and major flood levels at the Evandale Alert site. Therefore, minor to major flood 

levels are expected to occur from March to September under sea level rise and RCP scenarios as 

predicted maximum water level is higher than 1.8 m (Figures 6(a) and 6(b)). 

When comparing Figure 6(c) and 6(d), with no sea level rise (only RCP scenarios considered), it 

can be seen than the median, and 25% and 75% percentile values of ensemble projections of 

water level are almost the same as the baseline water level. This demonstrates that the Evandale 

Alert site is dominated by tidal conditions and sea level changes, due to it being only 3 km 

upstream of the river mouth. Consequently, runoff due to the RCP scenarios have less impact at 

this site. 

Concerning the associated increased flooding of low-lying coastal with sea level rise, adaptation 

measures are required to mitigate the sea level rise consequences and damage. For instance, 

identification of priorities for further development of policy, practice, and research support can 

be a potential strategy to reduce sea level risks. Additionally, seawalls and levees, relocating and 

raising houses and other facilities, beach nourishment, managing dunes and associated 

vegetation, and building desalination plants are few suggestions of applicable adaptation 

strategies in Australia (Steffen et al., 2014).  

4. Conclusions
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In this study, we developed an integrated catchment modelling framework by combining a 

hydrologic model, a reservoir operation model, and a hydrodynamic river model, for the purpose 

of assessing climate change impacts on reservoir inflows, environmental flow releases, water 

supply and river water levels. The hydrologic modeling results revealed that the inflow of the 

Hinze Dam, located in the upper Nerang River catchment, is projected to slightly decrease under 

ensemble of eight climate models compared to the baseline period (2000-2009). According to the 

Hinze Dam operation results, drinking water demand will be fully supplied under climate change 

conditions over future periods, whereas environmental flow release is expected to slightly 

decrease. The hydrodynamic model results (under both climate models and 0.80 m sea level rise 

conditions) indicated that sea level rise had considerable higher impacts on water level variation 

on two studied sites (Carrara Alert and Evandale Alert sites) compared to the RCP scenarios.  

The results of the current research demonstrated the most likely climate change projections for 

hydrologic and water level conditions over future periods. The comprehensive and integrated 

developed model framework, which includes a hydrologic model, a reservoir operation model, 

and a hydrodynamic model, is an efficient and easy-to-apply tool for analysing and testing 

different climate change scenarios. Such model can equip decision-makers and water planners 

with a robust tool to assess climate change scenarios for investigating adaptation strategies 

considering probable future changes. For example, population growth can be easily considered in 

the reservoir operation model by changing the drinking water demand rates. Furthermore, the 

probable changes in environmental flow release policy and dam storage capacity can be assessed 

using the developed reservoir operation model to investigate climate change adaptation 

strategies, which can be further studied in future.  
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Figure 1. Graphical location of the studied area in Australia and Queensland, showing (a) Hinze 

Dam, Hinze Dam catchment, Neang River and its tidal limit and (b) map of the delineated 

catchment for the Hinze Dam (yellow) and Numinbah Valley sub-catchment (purple) 

Figure 2. The Nerang River tidal limit 

Figure 3. Observed and simulation daily time-series at the Numinbah Valley gauging station 

over the (a) calibration period (2008-2013) and (b) validation period (2014-2015). 

Figure 4. Ensemble projections of long-term monthly average daily Hinze Dam inflow over the 

future (2075-2084) and baseline (2000-2009) periods under (a) RCP 4.5 and (b) RCP 8.5 

Figure 5. Ensemble projections of long-term monthly average daily water level variations at the 

Carrara Alert site under (a) RCP 4.5 with 0.80 m sea level rise; (b) RCP 8.5 with 0.80 m sea level 

rise; (c) RCP 4.5 without sea level rise; and (d) RCP 8.5 without sea level rise 

Figure 6. Ensemble projections of long-term monthly average daily water level variations at the 

Evandale Alert site under (a) RCP 4.5 with 0.80 m sea level rise; (b) RCP 8.5 with 0.80 m sea 

level rise; (c) RCP 4.5 without sea level rise; and (d) RCP 8.5 without sea level rise 
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Table 1. Description of eight climate models adopted in this study 

Model name Institution, Country of origin 

Resolution 

Atmosphere Ocean 

ACCESS-1.0 Partnership between CSIRO and the Bureau of Meteorology 

(CSIRO-BOM), Australia 

1.9 × 1.2 1.0 × 1.0 

CanESM2 Canadian Centre for Climate Modelling and Analysis (CCCMA), 

Canada 

2.8×2.8 1.4 × 0.9 

CESM1-CAM5 National Science Foundation- Department of Energy, National 

Centre for Atmospheric Research (NSF-DOE-NCAR), USA 

1.2×0.9 1.1×0.6 

CNRM-CM5 Centre National de Researchers Météorologiques- Centre 

Européen de Recherche et Formation Avancée en Calcul 

Scientfique (CNRM-CERFACS), France 

1.4×1.4 1.0×0.8 

GFDL-ESM2M National Oceanic and Atmospheric Administration-Geophysical 

Fluid Dynamics Laboratory (NOAA-GFDL), USA 

2.5×2.0 1.0×1.0 

HadGEM2-CC Met Office Hadley Centre (MOHC), UK 1.9×1.2 1.0×1.0 

MIROC5 The University of Tokyo Centre for Climate System Research, 

National Institute for Environmental Studies, Japan, Japan 

Agency for Marine-Earth Science and Technology Frontier 

Research Centre for Global Change (JAMSTEC), Japan 

1.4×1.4 1.6×1.4 

NorESM1-M Norwegian Climate Centre (NCC), Norway 2.5×1.9 1.1×0.6 
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Table 2. The percentage of increase of days with 7.25 ML/day environmental flow release relative to the 

baseline period 

RCP scenario 

Climate model  

Increase of days with 7.25 ML/day 

environmental flow release under RCP 4.5 

(%) 

Increase of days with 7.25 ML/day 

environmental flow release under RCP 8.5 

(%) 

ACCESS-1.0 9.00 6.29 

CanESM2 6.39 4.94 

CESM1-CAM5 7.23 8.06 

CNRM-CM5 9.30 9.71 

GFDL-ESM2M 10.70 9.00 

HadGEM2-CC 2.37 7.14 

MIROC5 0.32 0.49 

NorESM1-M 2.85 2.70 
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Highlights 
• An integrated catchment modelling framework was developed for SEQ, Australia.

• A hydrologic, reservoir, and a hydrodynamic river models were combined.

• Outputs from eight CMIP5 models and two RCPs were used for future projections.

• Slight decreases in dam inflow are projected in the future.

• Decreasing trends in environmental flow release are expected under climate change.
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Impacts of climate change and sea level rise on catchment management: A 

multi-model ensemble analysis of the Nerang River catchment, Australia 
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Figure A-1. Ensemble projections of long-term monthly average daily rainfall over the future (2075-2084) and 
baseline (2000-2009) periods under (a) RCP 4.5 and (b) RCP 8.5 
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Figure A-2. Comparison of observed and simulated hourly water levels at the Carrara Alert site  

over (a) first (2/1/2012–6/1/2012), (b) second (23/1/2012–27/1/2012), and (c) third (24/2/2012–

28/2/2012) simulation periods, and (d) the Evandale Alert site over validation period (31/5/2012 

1:00 AM-3/6/2012 6:00 AM) 
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Figure A-3. Observed tide level at the Gold Coast Seaway over (a) first (2/1/2012–6/1/2012), (b) 
second (23/1/2012–27/1/2012), and (c) third (24/2/2012–28/2/2012) simulation periods 
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Table A-1. MIKE 11 NAM model parameters 

Parameter Description Calibrated value 

Umax (mm) Upper limit of the amount of water in 
the surface zone 39.57 

Lmax (mm) Upper limit of the amount of water in 
the root zone storage 627.61 

CQOF (-) Overland flow runoff coefficient 0.64 

CKIF (h) Time constant for interflow from the 
surface storage 263.37 

CK1 (h) Time constant for overland routing 8.51 

TG (-) Threshold value for recharge 0.56 

CKBF (h) Time constant for routing base flow 886.93 

TOF Threshold value for overland flow 0.02 

TIF Threshold value for interflow 0.55 
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Table A-2. The percentage of reduction in average environmental flow volume relative to the baseline 
period 

                RCP scenario 
Climate model  

Average environmental flow 
volume reduction under RCP 4.5 

(%) 

Average environmental flow volume 
reduction under RCP 8.5 (%) 

ACCESS-1.0 4.18 2.92 
CanESM2 2.97 2.30 

CESM1-CAM5 3.36 4.06 
CNRM-CM5 5.70 6.47 

GFDL-ESM2M 5.84 5.18 
HadGEM2-CC 1.10 3.32 

MIROC5 0.15 0.23 
NorESM1-M 1.32 1.26 

 

 

 

 

 

 

Table A-3. Statistical measurements for Carrara Alert and Evandale Alert sites over both 
calibration and validation periods in the year 2012 

Site Period R2 (%) NSE RMSE (m) 

Carrara Alert 
2/1/2012–6/1/2012 93.17 0.87 0.10 

23/1/2012–27/1/2012 88.30 0.73 0.27 
24/2/2012–28/2/2012 97.08 0.92 0.10 

Evandale Alert 31/5/2012 -3/6/2012 97.79 0.90 0.12 
 


